Process dominance shift in solute chemistry as revealed by long-term high-frequency water chemistry observations of groundwater flowing through weathered argillite underlying a steep forested hillslope 
INTRODUCTION
On landscapes underlain by soil-mantled bedrock, many studies have suggested that significant runoff to channels occurs through the weathered bedrock zone beneath the soil (e.g. Wilson and Dietrich, 1987; Montgomery et al., 1997; Uchida et al., 2003; Haria and Shand, 2004; Tromp-van Meerveld et al., 2007; Calmels et al., 2011; Salve et al., 2012) . This runoff drives weathering in this "critical zone" (e.g. Anderson et al., 2007) , but theory and observations are limited regarding controls on the chemical evolution of these waters. Field studies that have included the weathered bedrock have demonstrated that rainwater infiltrates into the underlying bedrock and is perched at a depth where hydraulic conductivity is strongly reduced-perhaps associated with the transition to the largely unaltered bedrockthen travels downslope (e.g. Wilson and Dietrich, 1987; Montgomery et al., 1997; Uchida et al., 2003; Haria and Shand, 2004; Tromp-van Meerveld et al., 2007; Salve et al., 2012) . To recharge groundwater through the weathered bedrock zone, water has been hypothesized to move preferentially through fractures (e.g. Mulholland et al., 1990; Montgomery et al., 1997; Banks et al., 2009; Salve et al., 2012) . Because of localized permeability reduction, the bedrock flow may exfiltrate back into the overlying soil (e.g. Wilson and Dietrich, 1987; Montgomery et al., 1997) , mixing with the soil water and rainwater. The chemical evolution of bedrock flows for a given lithology are thought to be determined by reaction times (e.g. Anderson et al., 1997a,b; Anderson and Dietrich, 2001; Asano et al., 2003) , flow path (e.g. Shand et al., 2005; Shand et al., 2007) and interaction with matrix water (e.g. Legout et al., 2007; Jin et al., 2011) .
Stream and spring chemistry have been used to conceptualize the residence times and flow-paths of subsurface flows of hillslopes (e.g. Rice and Bricker, 1995; Campbell et al., 1995; Holloway and Dahlgren, 2001; Calmels et al., 2011) . During high-flow regimes, such as rain or snowmelt seasons, relatively shallow groundwater may flow rapidly through the hillslope (e.g. Anderson et al., 1997b) . Thus, fast reactions on time scales of hours to days-ion exchange reactions and dissolution/precipitation of poorly crystalline secondary mineralsÀare thought to dictate the shallow groundwater's chemistry (e.g. Anderson et al., 1997a; Mulholland et al., 1990; Williams et al., 1993; Campbell et al., 1995) . During low-flow regimes, as the water table progressively recedes, groundwater is thought to gain solutes via more extensive chemical weathering of the bedrock (e.g. Mulholland et al., 1990; Rice and Bricker, 1995; Campbell et al., 1995; Holloway and Dahlgren, 2001 ). Calmels et al. (2011) , analyzing the chemistry of Liwu River in Taiwan, deduced that deep groundwater might contribute a significant fraction of river solute fluxes. As noted above, these hypotheses are primarily based on stream chemistry observations. Although stream chemistry observations are useful for quantifying chemical weathering fluxes, little is known about water residence times, flow-paths, and chemical weathering processes occurring inside the hillslope, all of which are fundamental to the understanding of chemical weathering processes and contaminant transport.
To reveal the processes that govern chemical weathering and solute fluxes in the weathered bedrock zone, direct observations of groundwater dynamics at high temporal and spatial resolution over annual hydrological cycles (from recharging to discharging) are needed. While the spatial variability of groundwater chemistry has been studied at many sites (e.g. Kenoyer and Bowser, 1992; Appelo and Postma, 2005) , its temporal variability has received little attention. Previous studies have inferred groundwater chemistry in the weathered bedrock either by mass balance calculations based on soil water and stream (runoff) water chemistry (e.g. Anderson et al., 1997b; Holloway and Dahlgren, 2001; Anderson and Dietrich, 2001) or by direct sampling and analysis of water samples taken from springs/ groundwater seeps in the riparian zone (e.g. Rice and Bricker, 1995; Soulsby et al., 1998; Anderson and Dietrich, 2001; Asano et al., 2003; Calmels et al., 2011) or from wells (e.g. Mulholland et al., 1990; Soulsby et al., 1998; Jin et al., 2011) . Soulsby et al. (1998) sampled wells weekly, but other studies employing wells have relied on less frequent sampling (i.e. monthly-episodic). A few studies directly sampled groundwater in the weathered bedrock zone but only did so episodically, and were unable to resolve temporal dynamics (e.g. Shand et al., 2005 Shand et al., , 2007 Banks et al., 2009 ). The temporal variability of conservative tracers (i.e. Cl À , d 18 O) in the bedrock groundwater has been monitored at higher frequency (i.e. weekly-monthly) for up to two years ( Van der Hoven et al., 2005; Legout et al., 2007; Rouxel et al., 2011) . To our best knowledge, no study has observed the high-frequency temporal dynamics of reactive tracers (i.e. weathering products, Ca, Mg, Na, K, Si) in the weathered bedrock zone. Such observations are necessary to reveal processes that control development of the weathering zone as well as the seasonal dynamics of solute flux to channels.
Here, we report the first results from multi-year, highfrequency (1-3 days) observations of the chemistry of a groundwater system flowing through a thick weathered bedrock zone (5-25 m) underlying a soil-mantled steep forested hillslope located at Angelo Coast Range Reserve, Northern California. At this site, Salve et al. (2012) showed that the groundwater, which is perched on the fresh bedrock boundary and flows through the weathered bedrock zone, generates all runoff. This report focuses on the chemical dynamics of this perched groundwater. Stream water samples from the adjacent creek, Elder Creek, will be reported separately. We measured the temporal and spatial variability of major solutes in the groundwater, rainwater, and throughfall. We also monitored basic physicalchemical parameters (temperature, pH, conductivity, and dissolved oxygen) at higher frequency (15 min). A limited suite of solid samples has been analyzed for clay mineral composition and cation exchange capacity. The major objectives of this study are: (1) documentation of the multi-year high-frequency dynamics of the groundwater chemistry along the hillslope; and (2) identification of the primary chemical processes that dictate water chemistry dynamics. (Fig. 1a) . The reserve is one of the University of California's Natural Reserves.
METHODS

Site description
The site is underlain by the Coastal Belt of the Franciscan Complex (McLaughlin et al., 2000) and is mainly argillite, with near-vertical dip and a strike that runs perpendicular to slope (i.e. north-south). A localized sandstone outcrop is exposed along the eastern divide of Rivendell (Lock et al., 2006; Fig. 1a) , and thin (centimeters) interbeds of sandstone can be found in some of the outcrops exposed along a road cut across the site. This study area rose above the sea level about 2 million years ago during the passage of the Mendocino triple junction. Current channel incision rate at Elder Creek is about 0.2 mm y À1 but may have been closer to 0.4 mm yr À1 in the late Pleistocene (Fuller et al., 2009) . A thin soil layer (0.5-0.75 m) overlies thick weathered bedrock (5-25 m). Major clay minerals are illite, Fe-rich chlorite, kaolinite and mixed layer illite/montmorillonite. Major primary minerals are quartz K-feldspar, plagioclase and chlorite (see analysis methods and full results in Electronic Annex 1).
The climate of the site is a typical coastal Mediterranean regime -warm, dry summers and cold, wet winters. Mean annual precipitation at the meadow across the site during the study period was 1760 mm y À1 and rain was mostly concentrated during the winter (October-April).
The average annual air temperature during this period was 10°C, and the seasonal minimum and maximum temperatures were À8 and 32°C, respectively. Temperatures in the deep weathered bedrock zone remain almost constant throughout the year (10-11°C). Rivendell is covered with dense vegetation -up to 60 m tall Douglas-fir (Pseudostuga menziesii) trees form the upper canopy, and live oak (Quercus wislizeni), tan-bark oak (Notholithocarpus densiflorus), madrone (Arbutus menziesii), and California bay laurel (Unbellularia California) compose the lower canopy.
In September 2007, seven 5.1 cm-diameter wells (W1, W2, W3, W5, W6, W7 and W10; Fig. 1a ) were drilled into fresh bedrock (Salve et al., 2012) . The wells were lined with slotted (0.6 cm spacing) PVC (polyvinyl chloride) pipes. In August 2010, two 5.1 cm-diameter wells (W12, W13) and three 7.6 cm-diameter wells (W14, W15 and W16) were drilled (W16 is not shown in Fig. 1a because it is on the south side of the hillslope). These new wells were also lined with similarly slotted PVC pipes. Since 2007, the site has been intensively monitored at high-frequency (5-30 min) for water table levels, meteorology, tree sap-flow, soil moisture, and subsurface temperature (Fig. 1a) . All installed instruments are powered by solar panels and data are recorded with seven Campbell Scientific Inc. data loggers. A radio link provides internet access and data are transmitted to the University of California, Berkeley (U.C. Berkeley) every 4 h. 
High-frequency groundwater sampling
Three 24-position ISCO 6712 samplers (Teledyne ISCO, Lincoln, NE), modified with custom controllers for autonomous and remote operation (Kim et al., 2012) , were used to sample the groundwater in three wells (Fig. 1a) , and W10 were drilled to 9.5 m, 14.4 m, and 27.4 m below the ground surface, respectively. The water table seasonally fluctuated between À4.5 and À2.3 m (W1), À10.7 and À2.8 m (W3), and À18.4 and À10.7 m (W10) (minus sign indicates distance below the surface). Water samples were collected from À6.7 m (W1), À11.7 m (W3), and À18.9 m (W10; Fig. 1b ) depths that were within the chronically saturated zone. The sampling frequency was typically 1-2 days during the wet season and 1-3 days during the dry season. Each well water collection was 0.5-1 L, including purging and samples for analysis. Gaps in the time-series were due to power outages (winter time; mainly at W1 and W3) and unexplained failure of submersible pumps (Whale WP6012, Global Water Inc., Gold River, CA) installed in W3 and W10; the pumps were required to raise water to the ISCO at the surface when the water table was deeper than 8 m.
Sample preservation in the field
The ISCO samples were retrieved from the field site when all sample bottles were filled, resulting in a storage time of 3-4 weeks during the wet season and 1-2 months during the dry season. On every deployment day, we collected reference water samples at each well which were immediately processed following a standard water sampling protocol for trace metals (i.e. immediate filtration using 0.45 lm filters and acidification; US EPA 1996). We also measured pH and temperature of the reference samples (Accumet AP110 Portable pH Meter, Fisher Scientific, calibrated with standard buffers (pH 4 and 7)).
Early in the project, we used ISCO ProPak Ò LDPE 1000-mL sample bags that were open to the atmosphere. Compared to the reference samples, Na, K, Mg, and Si data were in complete agreement confirming that evaporation of ISCO samples was not detectable even during the summer dry season; however, we found that Ca in the bag samples from W1 and W3 were low in by as much as 30% as a result of CaCO 3 precipitation. In September 2009, we began developing an alternative sampling method to preserve the sample integrity not only for Ca but also for the redox sensitive elements, particularly Fe and Mn (Kim et al., 2012) . Early prototypes deployed in late 2009 solved the Ca precipitation problem, and beginning October 2011, our new gravitational filtration system (GFS), which filters water through 0.45 lm pore-size Supor membranes within 30 min after the collection, achieved complete agreement with the reference samples for all elements (Kim et al., 2012) . For Ca in W1 and W3, we thus report the early prototype, the GFS samples, and the reference samples. Data from W10, where we did not observe CaCO 3 precipitation, are reported for the entire time series.
Field measurements
Subsurface pCO 2 in the head-space of the wells was profiled at 1 m intervals using a pumped 0-30% SenseAir sensor K33-ICB (CO 2 Meters.com) from November 2011 through December 2012 during monthly (at times weekly) visits. The sensor was calibrated in the field using 2000 ppm and 5% dry gas standards. Achieved accuracy of 0.2% and 5% gas standards was 0.02% and 0.1%, respectively, after a temperature compensating correction.
A multi-parameter (YSI-600XL) probe was used to measure the vertical profiles of pH, temperature, conductivity, and dissolved oxygen (DO) in the water column at W3 and at W6 during the field visits. We used 1L of deionized (DI)-water that had been bubbled for 1 h using an aquarium pump to set 100% saturation DO; the pH probe was calibrated using pH 4 and 7 buffer solutions. We monitored temperature, pH, conductivity and DO at W6 at 15 min frequency from Feb. 2011-May 2011.
Rainwater and throughfall sampling
Bulk rainwater was collected from an open meadow across site, and throughfall-rain that passed tree canopy -was collected in the middle of the hillslope (at W7, Fig. 1b) . The rainwater and throughfall collectors consisted of a PVC funnel connected to a polypropylene bottle. A #60 mesh screen in the neck of the PVC funnel was used to exclude >0.35 mm-sized solids from the sample. These samples were retrieved during and after every storm and stored in acid cleaned scintillation vials (20 mL) then periodically returned to Lawrence Berkeley National Laboratory (LBNL) for analysis.
Geochemistry characterization
Core samples from the drilling of wells were selected from W1, W3 and W10 holes to represent the three hydrologic subzones -unsaturated, seasonally saturated, and chronically saturated zones -and the soil samples were analyzed for (1) calcite content; (2) cation exchange capacity (CEC); and (3) DI-dissolvable salts (Table 1 ). The main purpose of these analyses was to characterize the chemical properties that are required to interpret the groundwater chemistry dynamics. All samples were air dried at the time of collection. 5-10 g of the core samples were crushed completely using a mortar and pestle and sieved using a 100-mesh (150 lm) sieve. Soil samples were collected from the first 10-15 cm from the ground surface, using a trowel in October and November 2011 during the field visits. The soil samples were air-dried and sieved using with the same mesh.
To determine calcite content, about 0.2 g of sample was added to 10 mL of 25% acetic acid and reacted overnight (Jin et al., 2010) . The samples were occasionally shaken. These samples were centrifuged at 10,000 rpm for 30 min and the supernatant was decanted for the analysis. The calcite content was calculated by Eq. (1): calcite contentð%Þ ¼ Ca mole=L ð ÞÂ0:01L Â 100:9g=mole 0:2g
Cation exchange capacity (CEC) was determined using 0.2 g of the samples in 10 mL of a 0.1 M BaCl 2 À0.1 M NH 4 Cl solution. The CEC samples were shaken at 180 rpm at 25°C for 15 min and centrifuged at 2500 rpm for 20 min (Amacher et al., 1990 ) and the supernatant was decanted for the analysis. The CEC was estimated as the sum of the ionic concentrations of the extracted major cations (Ca, Na, Mg and K). To quantify easily dissolvable salt and silica phases, 0.5 g of the samples were added into 10 mL of DI water and reacted overnight at room temperature. The samples were occasionally shaken. These samples were centrifuged at 10,000 rpm for 30 min and the supernatants were decanted for the analysis. Of all the decanted solutions, visibly turbid ones were filtered using 0.45 lm Supor filters and others were not filtered.
Water sample handling and chemical analysis
All collected water samples were returned to LBNL for analysis. For major cations and Si analysis, the unfiltered ProPak water samples were filtered using 0.45 lm-Supor. The filtrates were then transferred to scintillation vials (20 mL) and acidified using Optima HNO 3 . The early prototype GFS, and GFS samples were acidified using Optima HNO 3 to recover the precipitated Ca and trace metals, held for 24 h at room temperature, and then transferred to the scintillation vials. The rainwater and throughfall samples were acidified first to recover the adsorbed/coagulated trace metal phases and then filtered using 0.45 lm-Supor filters.
The samples of groundwater, rainwater, and throughfall were analyzed for major, minor, and trace elements using a Finnegan Element II magnetic sector inductively coupled plasma -mass spectrometer (ICP-MS) at LBNL. This study reports only five solutes -Ca, Mg, Na, K and Si. We included Si in ICP-MS analysis beginning in May 2011.
Instrument problems caused delays in analysis, such that the groundwater samples and the precipitation samples were analyzed within, on average, 1.3 years and 1.4 years after collection, respectively. We repeatedly analyzed selected set of the samples to evaluate the effect of evaporation during the storage. A few samples that were found to be at <10 mL of the expected 20 mL capacity of the scintillation vials and became concentrated by up to 60%, but most samples were insignificantly affected (10% variation) over 2 years. We excluded highly evaporated samples in this study.
The samples were run diluted and spiked with indium (In) as an internal standard. To validate the accuracy and precision of the ICP analysis, Certified River Water Reference Material for Trace Metals, SLRS-5 (National Research Council (NRC), Ottawa, ON, Canada) was analyzed in every run set. The % accuracy of these elements was calculated: where C A and C SLRS were the concentration of major cations identified by this study and NRC, respectively. In the case of Si, the reference value (65 lM) was obtained from Yeghicheyan et al. (2001) . The percent accuracy (n = 58 runs) of Ca, Mg, Na, K and Si of this study were 99 ± 10 (standard deviation) %, 100 ± 10%, 97 ± 14% and 96 ± 13% and 105 ± 8%, respectively. , respectively, and Ca was the dominant exchangeable cation (50-90%), followed by Mg (10-50%; Table 1 ). Previous studies have pointed out that, for the calcareous soil samples, CEC, particularly extractable Ca, can be overestimated because of calcite dissolution. However, this effect is insignificant in acidic soils (Ciesielski and Sterckeman, 1997) , and the magnitude of the effect correlates to the calcite content (Wang et al., 2005) . The pH of Rivendell soils, determined by 1:1 = soil:DI water method (USDA, 2009), showed pH 4.8-6.2. In addition, Rivendell soil and bedrock contains relatively low calcite compared with the previous studies' values (e.g. 10-60%; Wang et al., 2005 ). Thus we conclude that although calcite might dissolve in the CEC analysis, its effect is negligible. The high CEC may be attributed to presence of illite/montmorillonite. The full results of the geochemistry analysis are in Electronic Annex 1. Table 2 summarizes the volume weighted concentration of the solutes in the bulk rain and throughfall. The volumeweighted concentrations of Ca, Mg, Na and Si in bulk rainwater increased insignificantly after passing through the tree canopy: Ca (bulk rainwater (mM) vs. throughfall (mM); 0.003 vs. 0.01), Mg (0.005 vs. 0.008), Na (0.032 vs. 0.048), and Si (0.003 vs. 0.004), respectively. In contrast, the volume-weighted concentrations of K in throughfall (32 lM) were sixfold higher than in the bulk rainwater (5 lM).
RESULTS
Geochemistry characteristics
Rainfall and throughfall inputs
Upslope (W10) and midslope (W3) areas
The concentrations of Ca, Na, K, Mg, and Si in W10 varied with water table level ( Fig. 2 and Fig. 3 ), which shows a consistent annual cycle. Starting with the cessation of winter rain, the water table continuously receded, except for short duration responses (of 0.3-0.6 m) to the first significant rainstorms early in the following rainy season. Then, after a cumulative rainfall of 400-600 mm, the level rapidly rose from a depth of À18 m by 4 to 6 m within several days and remains high (rarely receding deeper than À14 m) for the rest of the rainy season, thus developing a water mass that we refer to as 'seasonal groundwater' (Fig. 2) . As rain events continue, the water table rose sharply on each event and then recedes slowly. Relative to the dry season levels, the major cations in the seasonal groundwater were diluted by factors of $18 (Ca; 2-0.11 mM), 3$5 (Mg; >0.35-0.1 mM), 2 (Na; 0.5-0.25 mM), and 5 (K; 50-9 lM), respectively, but Si increases from 0.3 to 0.4 mM ( Fig. 3 and Table 2 ). During the early summer, as the water table depth falls below -16 m, the concentrations of major cations continuously increased while Si decreased (Fig. 3 ). W10's pH also varied with depth, ranging from $6.7 to less than 5 at deepest and shallowest limits, respectively (Fig. 4) . The pCO 2 in W10 varied from 2.5% to 5.9% at À5 m and from 3.7% to 7% at À10 m, respectively (Fig. 5) .
Water chemistry and water table fluctuations at midslope W3 behaved similarly to that observed upslope at W10, but it differed in four ways. First, the water table at W3 was more dynamic in the winter (À9 to À4 m), responding to storms with a greater range than W10 (À14 to À12 m; Fig. 2) . Second, the depth to the top of the seasonal groundwater fluctuating zone was shallower at W3 ($À3 m) compared with W10 ($À12 m). Third, W3 had a greater (4-6 m) and earlier response to the first rains compared with W10 (0.3-0.6 m). Fourth, during the rainy season, all cation concentrations at W3 varied significantly as the water table fluctuated in the seasonally saturated zone (Fig. 3) .
During the summer recession, the major cation concentrations in W3 sharply increased as water level drops from À8 to À9 m (Fig. 3) . The figure suggests that cation concentrations appeared to decrease as W3's water table continuously receded to deeper than À9 m, but this behavior is primarily an artifact of inter-annual concentration variability and incomplete time series sampling. The Si concentration response at W3 generally followed that seen at W10; Si increaseed from 0.2 to 0.4 mM as the water level rose from À10 to À5 m (Fig. 3) , but decreased slightly at depths shallower than À4 m. At the shallowest water level, the Mg, K and Na concentrations in W3 were similar to those of W10 (Table 2 ). The lowest concentration of Ca in W3 was twofold higher than that in W10 ( Table 2 ). The pH of W3 is $5.6 and $7.3 at shallow and deepest depths, respectively and was generally more basic than at W10 (Fig. 4) . The pCO 2 of W3 sharply increased from the ground surface to 5-6% at -5 m and remained largely invariant at deeper depths (Fig. 5) .
Downslope (W1) area
The behavior of the downslope well (W1) differed from that of both the mid-slope and upslope wells (Figs. 2 and  3) . The water table depth closely followed the level of Elder Creek which serves as the lower boundary condition for the hillslope hydrology. Head gradient remains always towards the stream. During the winter, the water table was typically about À4 m and responds rapidly to rainstorms, with brief excursions reaching À2.3 m. However, the solute concentrations rarely changed from the typical dry season values (Figs. 2 and 3) . The concentrations of Ca, Mg, Na, K, and Si in W1 remained around 1.71 mM, 0.31 mM, 0.41 mM, 26 lM, and 0.24 mM, respectively (Table 2) .
During some storms, the four major cations in W1 were significantly diluted as the water table rose, but recovered back to "pre-event" values within several days, synchronizing with the water table recession Figs. 2 and 3) . The lowest concentrations of cations in W1 fell slightly lower than those of the upslope wells (Table 2) . Remarkably, Si in W1 varied little from $0.2 mM, even during the cation dilution events. The pH of W1 was invariant year round at pH 7 and briefly decreased to pH 6 during the dilution events. At W1, pCO 2 measured at -3 m varied from 0.7% to 2.7%.
DISCUSSION
Representativeness of the groundwater samples
Understanding of what these groundwater samples represent is crucial to further hydrochemical interpretation. Because of vertical hydraulic heads, and density and concentration gradients, the water column in a well tends to be mixed and reflects the chemical signature of the inflow from the surrounding aquifer (e.g. Gibs et al., 1993) . At Rivendell, Salve et al. (2012) proposed that fracture density may decrease with depth; correspondingly, so would hydraulic conductivity. Hence, as the water table rises during the rainy winter, the water in the well is expected to become progressively more influenced by the shallower, more rapidly flowing water. Fig. 6 shows the water table recovery of the three wells after the ISCO sampling at various depths. W1 shows a rapid recovery, independent of season ( Fig. 6a) , whereas the recovery times at W3 (Fig. 6bÀc) and W10 (Fig. 6dÀe ) become significantly longer with lowered water table. These variations suggest that the groundwater samples would be dominated by the flux-averaged flows from the seasonally saturated zone, despite the fact that the pump intake is located within the chronically saturated zone. The water column in the Rivendell wells is expected to be completely mixed during the rainy season because the newly-arriving shallower groundwater is cooler than the pre-event groundwater. During the winter rain storms, the air temperature is cooler (mean precipitation-weighted air temperature = 7.7°C for storms with total rainfall >10 mm; n = 138) than the groundwater (10.5-11.5°C); thus, the infiltrated rainwater is likely denser than the pre-event groundwater. The temperature time-series measured during a series of storms from March 11 to April 1 2011 demonstrate this temperature behavior (Fig. 7) . During this time, the temperature probe was at À11.6 m, about 5-7 m below the water surface. The water temperature at W6 decreased from 10.7 to 10.4°C as the water table rose and the average air temperature during this series of storms was 4.4-5.7°C (Fig. 7) . These observations show that the new water was, at least, 0.3°C colder or 0.04 kg m À3 denser than the pre-event groundwater, thus setting up convective mixing inside the well (Martin-Hayden, 2000) .
During the summer a strong thermal stratification to a depth of several meters may develop and inhibit mixing (Fig. 8a) , but the nearly constant temperature profiles during the late rainy season (Feb. 2011 -May 2011 indicate rapid mixing inside the well (Fig. 8b) . In addition, the average temperature of the entire water column at W6 shifts with season, again consistent with complete mixing Fig. 3 . Semi-log plots of the relationship between major cations and Si (1-3 days frequency) and well levels (daily average) for W1, W3 and W10 (water year 2009-2013) . The solute concentrations (log scale) are plotted against well level below the surface (m). In case of Ca of W1 and W3, due to problems of CaCO 3 precipitation prior to 2009, only the new sampling design samples and reference samples were presented. (Fig. 8b) . Altogether, the observations in Figs. 7 and 8 suggest that cool winter storms introduce recharging water that is generally cooler than the pre-existing well-water. Inside the wells, this initial thermal gradient leads to convective mixing, resulting in uniform temperature profiles. The ISCO sampling removes a relatively minor amount (20 cm) of water, and does not disrupt this mixing. The pump port, located at depths within the chronically saturated zone (Fig. 1b) , collects this mixed water; therefore the samples represent the rapid shallower flows during the winter and the slower deeper flows in the summer.
Mechanisms for the chemical dynamics of the seasonal groundwater
Over four years of high-frequency observations, we have identified repeating patterns of hydrology and water chemistry in all three wells. concentrations of the five constituents in the rainfall, throughfall and groundwater. Because of the depth dependency of the concentrations, the depths of the water tables were used as criteria for the calculation. For W1, the minimum concentrations were averaged only for data of the dilution events. Rivendell receives insignificant inputs of Ca, Mg, Na and Si from rainfall and throughfall, but throughfall introduced a substantially high K into Rivendell (Table 2) . Potassium is an essential nutrient and trees absorb (via roots) and release (via canopy and litter) a significant amount of this element (Sollins et al., 1980) . However, in the deeper weathered-bedrock zone, where the impact of vegetation is less, K in the groundwater progressively increases, from the wet season to the dry season (at W3 and W10; Fig. 3) .
We do not know the exact chemistry of the flow through the unsaturated zone that recharges the seasonal groundwater, but dilution of the solute concentration in the groundwater as the water table rises indicates that these waters are more dilute than the pre-event groundwater but more concentrated than the throughfall. This suggests that processes in the unsaturated zone play a significant role in determining the chemistry of the water arriving at the wells. We suggest that two end-member processes are controlling the groundwater's solute concentrations throughout the year:
1. When the water table is shallow at the upslope and midslope wells and is transiently seen at W1, concentrations are low and decrease as the water table rises. We suggest these concentrations arise as infiltrated rainwater gains cations by the cation exchange reactions enhanced by high subsurface pCO 2 , and that increases in Si may be due to the dissolution of amorphous silica in the unsaturated zone. 2. When the water table is deep and dropping at mid-slope and upslope wells and is seen most of the time at W1 the concentrations increase towards high values. Here we suggest that this increased solute concentration is governed by thermodynamic equilibrium with specific minerals within the weathered argillite.
Cations controlled by exchange reactions and pCO 2
One of the most remarkable features of our highfrequency observations is the similarity of the solute concentrations for a given water table level throughout storms, seasons and years for each well (Fig. 3 and Fig. 9 ). The water-temperature time-series (Fig. 7) suggests that the infiltrated rainwater is delivered to the water table before becoming thermally equilibrated with the soil and bedrock; thus chemical reactions that are fast enough to reach equilibrium concentrations on hour to day timescales are responsible for low concentrations at high winter flows.
Numerous studies have proposed cation exchange reactions as an essential process to determine soil and eventually stream chemistry, particularly for high flow regimes (e.g. Mulholland et al., 1990; Cerling et al., 1989; Williams et al., 1993; Anderson et al., 1997a; Cosby et al., 1985; Campbell et al., 1995; Jin et al., 2011) . Cation exchange reactions involve the interaction between positively charged electrolytes in solution and weakly-bound cations on the soil/bedrock mineral surface. Oh and Richter Jr. (2004) , via column leaching experiments, demonstrated that as CO 2 increased from 1% to 10%, the cation yield increased nearly twofold (34-69 meq kg À1 ). They estimated that approximately 60-70% of the total cations were produced by the exchange of protons, with the remainder supplied by mineral dissolution. Our site has high CEC (141-608 meq/kg) and elevated-pCO 2 , which suggests the critical role of CO 2 in the cation exchange reactions in determining the solute concentrations.
The equilibrated solute concentration with Rivendell's cation exchangers and pCO 2 were simulated using PHREEQC (Appelo and Postma, 2005;  Table 3 ). We assumed that the cation exchange reactions reach equilibrium in the unsaturated zone. Inputs to the model were averaged exchangeable cations (Ex. in Table 3 ) available at each well. The subsurface pCO 2 of W1, W3 and W10 varied significantly with depth and time, we thus simulated reactions with the measured minimum, average, and maximum pCO 2 values at each well. The ion selectivity coefficients (K GT ) for the reactions were estimated using equations from Tournassat et al. (2009) . We assumed binary-exchange reactions (Na-Ca, Na-Mg, and Na-K) for the ion selectivity coefficient. The input water was assigned the averages volume-weighted concentration of Ca, Mg, Na and K in the throughfall. The minimum pCO 2 (1%) predicted lower values than the measured for the winter low concentration case (Table 3) . As pCO 2 was elevated, however, the predicted values showed a good agreement with the measured values. In some cases, the simulated Mg concentrations were lower (up to 40%) than the measured values even at the highest pCO 2 , suggesting other mineral weathering reactions may play a role in compensating this difference.
Fine pores and dead-end fractures in soils and rocks may hold water for long times. We did not measure soil water chemistry; however, it is reasonable to assume that the less mobile soil and rock waters are highly concentrated in solutes. We propose that cations are chemically mobilized from the mineral structure continuously but remain locked in the less mobile soil and rock waters and weakly bound to the mineral surfaces. During the rainy season, these cations are transferred to the mobile water via the proton dominated cation exchange reactions.
Cations controlled by thermodynamic equilibrium
We hypothesize that high concentrations in the groundwater develops by further chemical alteration of the recharged water from the vadose zone. Fig. 10 shows that the groundwater was close to thermodynamic equilibrium with clay minerals, such as Fe-rich chlorite (Mg; Fig. 10a ) and montomorillonite (K ; Fig 10c) , but were far from equilibrium with primary minerals, such as albite (Na ; Fig 10b) . We estimate the equilibrium reaction constants as follows:
Fe-rich chlorite (Kittrick, 1982) : Albite -Kaolinite (Faure, 1998) : We assumed Al and Fe were equilibrated with gibbsite (Al(OH) 3 , pK sp = 8.11) and hematite (Fe 2 O 3 , pK sp = 0.9) respectively, because these elements were shown to be mostly in colloidal forms in the Rivendell groundwater (Kim et al., 2012) ; hence, the measured values may overestimate their true concentrations in solution.
The equilibrium differences may be because of the various dissolution kinetics of source minerals. We did not measure the reactive mineral surface areas in Rivendell core samples. It is known that clay minerals generally have significantly higher surface area than primary minerals. For example, the surface area of montmorillonite (smectite), illite and chlorite are 600-800 m , respectively (Essington, 2004; Jin et al., 2010) . In contrast, that of K-feldspar and Na-feldspar are 0.03-2 and 0.003-4 m 2 g À1 , respectively (White and Brantley, 2003) . Calcium concentrations in the higher concentration waters of W1 and W3 were at saturation with respect to calcite. At W1, except for the dilution events, pH was typically 7 (Fig. 4a ) and the pCO 2 was 1.5-2.5% near the water table (Fig. 5a ). In this condition, calcite equilibrium yields 1.42-1.89 mM of Ca (pK 1 = 6.46, pK 2 = 10.49, pK H = 1.26, pK sp = 8.41 at 283 K; IAEA-UNESCO, 2001), in good agreement with the measured W1's Ca (1.71 mM; Table 2 ). At W3, during the late dry season when the water table was low, pH was approximately 6.8 (Fig. 4) , pCO 2 was 4-5%, (Fig. 5) and Ca concentration was 2.03 ± 0.4 (standard deviation) mM (Table 2 ). In this given condition, the calculated Ca concentration at calcite saturation is, 1.7-2.14 mM, which matches the measured Ca in W3. These thermodynamic calculations suggest that higher concentration waters are equilibrated with the relatively reactive minerals but not with the less reactive minerals, suggesting that limited residence time of the water in the fractured bedrock is an important factor determining the solute concentration.
Si concentrations
Silicon behaves in an opposite fashion compared to major cations; the maximum concentration of Si (Si max ) appears when the cations are in low concentration and the minimum (Si min ) appears at high concentrations of cations. Si max is highest (0.5 mM) at W10 and decreases downslope to W1 ($0.25 mM). Si max is likely regulated by rapid dissolution of aluminosilicates and/or amorphous silica (e.g. Kennedy, 1971; Clow and Drever, 1996; Asano et al., 2003) . Kennedy (1971) , based on the stream chemistry observations in Mattole River, Northern California, postulated that groundwater has lower Si than the water leached from soils. Rivendell soils may have a large pool of easily dissolvable Si as demonstrated via the DI-water extraction experiment (Table 1) , suggesting dissolution of amorphous silica may determine Si max . However, we note that, even though we assumed that all Si is in dissolved form, such as silicic acid, a significant fraction is possibly in colloidal form. The concentrations of Al and Fe in the groundwater strongly suggest a significant contribution of colloids, which may be associated with Si. To quantify the contribution of these two processes, a further study is required.
The high Si concentrations are supersaturated with respect to kaolinite, gibbsite, and quartz (Fig. 10d ), but unsaturated with amorphous silica (2 mM; Sposito, 2008, 129p) . Among the secondary minerals, gibbsite (Al(OH) 3 ), which is the most unstable, will precipitate first, but due to high Si concentration, may further transform to kaolinite. (Essington, 2004; gibbsite-kaolinite (2) in Fig. 10d ) and 0.04 mM (Sposito, 2008 ; gibbsite-kaolinite (1) in Fig. 10d) , regardless of pH. These values are, at least, fivefold lower than the observed Si min , indicating that the high cation concentration water is supersaturated with respect to kaolinite. Formation of well-crystalline kaolinite may be limited at ambient temperature and pressure (Hem et al., 1973) ; hence a metastable aluminosilicate is more likely to form. Paces (1978) , calculated the disequilibrium index for an extensive set of natural and synthetic samples, and concluded that a reversible metastable aluminosilicate controls the Si and Al in natural waters. Hem et al. (1973) , in laboratory experiments using synthetic solutions, found that halloysite (Al 2 Si 2 O 5 (OH) 4 ) is precipitated. Halloysite is sometimes observed in shale, but mostly observed in volcanic and hydrothermal regions (Joussein et al., 2005 and references therein); halloysite has not been found at Rivendell. Fig. 10d shows that the concentration of dissolved Si decreases as pH increases; we thus hypothesize that the precipitation of metastable aluminosilicate determines Si in high cation concentration waters.
The chemistry evolution of the groundwater in Rivendell
The high-frequency time-series of W1 illustrates the dynamics of groundwater chemistry that could not have been captured by weekly or monthly sampling frequency. Unlike other wells, W1 is rarely diluted by recharge from rainstorms (Fig. 2) . After the dilution events, W1 returns to high concentrations within several days after the cessation of the rainstorm (Fig. 9) . For example, during a series of two large rainstorms (a) March 11 2011-April 1 2011 (total rain 460 mm; Fig. 9a ) and (b) November 15-December 25 2012 (total rain 777 mm; Fig. 9b ), all cations in W1 were diluted and then return high concentrations within days.
Two important aspects of W1's chemistry are keys to understanding the chemical evolution as water moves Garrels (1984) ; (d) Equilibrium lines for aluminosilicate solids and secondary minerals which potentially control Si and Al in natural waters (i.e. gibbsite-reversible alumonsilicate, quartz, gibbsite-kaolinite) and the H 4 SiO 4 concentrations and pH of Rivendell's reference samples. Equilibrium data are adapted from Essington (2004) for gibbsite-kaolinite (1) and quartz, Sposito (2008) for gibbsite-kaolinite (2), and Paces (1978) for gibbsite -reversible aluminosilicate, respectively. The close squares, gray circles and close triangles represent W1, W3, and W10, respectively. Diamonds in gray, black, light gray and open represent W2, W5, W6, and W7, respectively. downslope: first, the nearly constant chemistry at W1 even though its water table was highly responsive to the rainfall inputs; and second, the rapid dilution of W1 chemistry for some rainstorms when the water table was high. The first aspect may be explained by three competing hypotheses: (H1) rapid diffusion of cations from tightly bound and chemically mature water in the bedrock at W1; (H2) higher weathering rates in the W1 area; (H3) chemical evolution of low concentration water from the upslope to W1.
Diffusion of the bedrock water with high solute might be able to maintain the steady-state chemistry of W1. If true, however, the volume of the matrix water must be much greater than the mobile water. Otherwise, the solute concentrations in W1 would progressively decrease as the rainy season progresses; but W1 did not display a decreasing trend. We do not have porosity measurements at these wells to estimate the quantity of the matrix water; but since W1 is highly conductive (Fig. 6a) , a large volume of water likely passes through W1. Therefore, H1 can be ruled out.
At W1, the water table is closer to the ground surface (À3 to À5 m) than at other wells and is also within the maximum rooting depth of vegetation (4 m; Canadell et al., 1996) ; hence significant effects of biological activity and supply of organic acids would be expected to enhance mineral dissolution rates (e.g. Banfield et al., 1999; Hamer et al., 2003) . If enhanced biologically-driven weathering controls the chemistry of W1, element concentrations in the weathered bedrock forming the seasonally saturated zone at W1 would be more depleted than at W3 and W10; however, we did not find evidence to support this explanation. For example, weathering processes remove calcite first particularly in hydrologically active systems (White et al., 1999) , like Rivendell. If W1 is more weathered than W3 and W10, calcite would be expected to be depleted in W1 relatively to W3 and W10; however, at W1, we found slightly higher calcite contents in core samples and even found calcite encrusting our pressure transducer, suggesting inflowing water already has high solute concentrations. Therefore, H2 can be ruled out.
For hypothesis 3, we note that the high frequency data show that all solutes were diluted and returned to high concentration values on the identical time scales, despite substantial differences in source minerals' dissolution rates. (Fig 1a; sandstone blocks dominate at W1) or via flows through deeper and isolated flow paths. These observations strongly imply that the groundwater is not a well-mixed reservoir; the water chemistry evolution will be governed by the material properties and flow paths.
Although further study, such as a tracer experiment, is needed to identify the source of W1 water, H3 is most consistent with our observations. Dilution events rarely occurred at W1, indicating that low concentration water is only transiently transported to W1 from upslope paths. These conductive paths may be via W3. Fig. 11a shows the concentration of Mg at W1 (colored symbols) as a function water table at W3 (vertical axis) and the total rainfall of the driving storms (horizontal axis and labeled points). This figure shows that Mg in W1, which represents all major cations' behavior, is diluted only when the W3 water level was high. Storms delivering as much as 104 mm of rainfall did not cause the dilution. Fig. 11b shows two corresponding properties of the weathered bedrock zone at W3. The open circles show the blow counts (number of drop counts, using a 140 pound (63.5 kg) weight dropped for 30-inch (760 mm), to penetrate a measured distance into the rock)) with a core barrel into the 5.1 cm diameter hole. The blow counts to À6 m were relatively low, suggesting mechanically weaker bedrock associated with open fractures and weathering. Visible signs of weathering persist to about À11 m and correspondingly blow counts rapidly climb to 50 counts/inch at À11 m and 400 counts/inch at about -14 m. The solid squares record the time it took for the water table to recover from the drawdown caused by the ISCO water sampling at W3 ). This trend suggests that, above À6 m, where the blow counts decrease, the recovery rate was far faster, indicating the saturated conductivity rapidly increases. When W3 is at its shallowest depth, where the conductivity is greatest and presumably where the groundwater flows most rapidly, the concentrations at W1 is lowest and is similar to W3. Hence, we suggest that during high runoff events, the diluted water like that at W3 passes through W1.
In summary, we propose a conceptual model to explain the chemical dynamics of Rivendell groundwater (Fig. 12) . First, infiltrated rainwater undergoes rapid pCO 2 enhanced cation exchange reactions and dissolution of amorphous Si while passing through the unsaturated zone. These waters increases its solute concentration by mineral dissolution/ precipitation reactions with the argillite in the deeper weathered bedrock zone, evolving to higher concentrations that are set by equilibrium with primary and secondary minerals in the bedrock. Local differences, as recorded by the different temporal concentration dynamics at W1, may arise from different water flow paths and source bedrock. Our observations suggest that Rivendell's groundwater is not a well-mixed single reservoir even on the small scale of the studied drainage; however, we have defined that two dominant processes determining runoff chemistry.
In the Elder Creek catchment, overland flow has not been observed, except on the roads, and Salve et al. (2012) reported that all runoff occurred through the weathered bedrock zone. Because all rainwater infiltrates into the subsurface to drain to the stream, and cation exchange reactions are intense and rapid, we propose that the minimum concentrations of cations in the stream will be set the low concentrations developed during high flow conditions. During summer baseflow to Elder Creek, concentrations would be expected to rise, reflecting the high concentrations found at low water table.
Implications for chemical weathering modeling
Chemical weathering plays an important role in landscape evolution. Numerous studies on the weathering profile development have focused on what has remained in the hillslopes after chemical weathering while this study has focused on what departs the deep weathered zone under a hillslope. These two approaches study chemical weathering processes on substantially different time scales (hundreds of thousands or millions of years vs. individual storms to seasons), but together they provide complementary insight. Recently, Brantlely et al. (2013) proposed that recharging of O 2 -and CO 2 -rich water to a deeper depth initiates pyrite oxidation and carbonate mineral dissolution, opening up porosity, causing the weathering front to propagate. We observe that, every year, W10 is recharged with new water, which has high O 2 and CO 2 . At W10, calcite is depleted in the seasonally saturated zone compared with in the chronically saturated zone (Table 1 ). In addition, W1's groundwater is saturated with calcite year round, except for the dilution events. By combining these two approaches, our understanding on the development of the weathering front will be significantly improved. Fig. 12 . Conceptual model for the chemical dynamics of bedrock groundwater in Rivendell. All infiltrated rainwater gains cations by cation exchange reactions and Si by dissolution of amorphous silica as passing through the unsaturated zone. This water may run through the highly conductive zone in the shallow seasonally saturated zone, and exit the hillslope within days to months. The recharged water in upslope also becomes concentrated as moving through the deeper seasonally saturated zone and its solute concentration is govern by thermodynamic equilibrium with reactive minerals.
CONCLUSION
High-frequency (1-3 days) observations of the hydrochemical dynamics of a groundwater system, which is perched on fresh bedrock and flows through a weathered bedrock zone, have been carried out from 2009 to 2012. This study has specifically focused on the temporal and spatial variability of Ca, Mg, Na, K and Si. The co-variation of water levels and solute concentration found at the mid-and upper slope wells suggest a shifting dominance of controlling processes. Cation concentrations decreased considerably as the water table rises in the mid to upslope areas, but the Si concentrations reach highest levels. We suggest that rainwater increases its cation concentration by proton driven cation exchange reactions enhanced by elevated subsurface pCO 2 and its Si concentration by dissolution of amorphous Si as it passes through the vadose zone. These concentrations are lowest at times of greatest runoff to the adjacent creek. Because all rainwater passes through the soil and unsaturated zone and the cation exchange reactions are rapid, possibly reaching equilibrium states within hours, we propose this process sets the minimum cation concentrations in the adjacent creek. Every year, this rainwater recharges the mid-and upslope wells (W3 and W10), and cation concentrations progressively increase during the summer groundwater recession season with the progression of weathering reactions. We propose that the high concentrations arise because of these waters reaching thermodynamic equilibrium with reactive minerals such as calcite (Ca), and clay minerals (i.e. Fe-rich chlorite (Mg), montmorillonite (K) and metastable aluminosilicate (Si)). Nonetheless, these waters are far from equilibrium with respect to primary minerals, for instance albite (Na). The lowest well, W1, shows little temporal variation of solute concentrations throughout the year except with rare dilution events occurring during high storm runoff. The W1 water must originate from upslope, but for much of the year, it does not seem to be derived from water found in the midslope area around W3, suggesting heterogeneous groundwater concentrations, perhaps associated with lithologic or deeper flow path variations.
Our direct, high-frequency observations reveal where (or how deep) in the weathered bedrock zone water flows, and specific processes and factors that are responsible for its chemistry: Controlling processes for the groundwater chemistry shift from rapid, vadose zone cation exchange reactions in the nearer surface to mineral equilibrium reactions at depth and slower runoff. Our study thus lays the groundwork for further exploration of both the spatial evolution of groundwater runoff and the coupled hydrologic and water chemistry dynamics within the critical zone that controls stream chemistry and eventually landscape evolution. Furthermore, our findings provide critical baseline information needed to evaluate the effect of extreme weather such as severe drought or extremely intense storms on the groundwater and stream chemistry.
